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ABSTRACT ,o4 c.l 
The shielding characteristics of niobium-stannide layers 
varying in thickness and critical current, deposited on the 
exterior of steatite, Hastelloy, and nickel cylinders were in- 
vestigated. Maximum magnetic fields shielded in this fashion 
free from flux jumps were two kilogauss. Stacked discs of con- 
centric rings of niobium-stannide shielded 12 kilogauss free 
from flux jumps in a 0.500-inch inside diameter. This princi- 
ple of concentric niobium-stannide rings is equally well adapt- 
able to other superconductive devices where flux jumps have been 
a major problem. Electron bombardment of niobium-stannide with 
an integrated flux density of LO1* electron/cm 
percent reduction in critical current. No deleterious effects 
2 produced a 50 
on the niobium-stannide were observed below the cumulative 
lo1* electron/cm2 density level. 
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HIGH MAGNETIC FIELD SUPERCONDUCTING 
PROPERTIES O F  Nb,Sn F I L M S  
N. S. Freedman (Project Supervisor), H. C. Schindler 
(Project Engineer), F. R. Nyman, and K. Strater 
1. SUMMARY 
Under this contract NAS 3-4113 for NASA, Lewis Research 
Center, RCA has been engaged in an evaluation of the electro- 
magnetic properties of niobium-stannide films for high magne- 
tic field devices. Progress under this contract has established 
the following: 
That the low-field electromagnetic instability en- 
countered in the construction of superconductive mag- 
nets is equally troublesome in the-construction of 
other superconductive film devices. 
That the instabilities in the low-field region can 
be minimized by (a) plating the Nb3Sn layer with 
silver, (b) decreasing the thickness of the Nb3Sn 
layer, and (c) optimizing the width of the Nb3Sn 
coating. 
That bombardment of niobimm-stannide with a cumulative 
electron density below 1017 electron/cm* does not de- 
teriorate its electromagnetic performance. However, 
when the integrated electron density is increased to 
the 1018 electron/cm2 level, the critical current of 
the niobium-stannide is degraded 50 percent. 
Under this contract, the following specific accomplishments 
were achieved: 
1. 
2. 
3 .  
Single-phase P-tungston structure niobium-stannide was 
vapor-deposited on a variety of substrates such as 
steatite, Hastelloy, nickel and platinum. Shielding 
characteristics varied depending upon the substrate. 
Equipment was developed for vapor depositing single- 
phase niobium-stannide on 1-inch and 2-inch flats and 
1/4 to 1/2-inch O.D. cylinders. 
Stable shielding, (i.e., free from flux jumps) of low 
1 
magnetic fields (0 to 2 kilogauss) was realized only 
with thin deposits (.0005 to .002-inches thick nio- 
bium-stannide layers). 
4. Stability of the niobium-stannide layer correlated 
with the thickness of the deposit, critical current, 
rate of field application, substrate, and quality of 
silver plating. 
5. Equipment was developed for vapor-depositing single- 
phase niobium-stannide continuously on a 2-inch wide 
ribbon. 
6 .  A 12-kilogauss field was shielded free from flux jumps 
in a series of stacked discs of concentric niobium- 
stannide rings, 0.500-inch inside diameter, 1.875-inch 
outside diameter, and 0.791 inches long. 
2 
I I. INTRODUCTION 
A.  BACKGROUND 
, 
Early i n  1961, while working under a b a s i c  research  pro- 
gram on superconduct ivi ty  sponsored i n  p a r t  by t h e  A i r  Force 
System Command1, RCA Laboratories developed a high temperature 
gas-phase r eac t ion  process for  depos i t ing  single-phase,  super- 
conductive niobium-stanni.de (Nb3Sn) continuously on platinum 
w i r e  o r  r ibbon2. 
The f i lm  depos i t ion  process c o n s i s t s  of  continuously 
feeding premixed SnC12 and NbCl5 a t  a con t ro l l ed  r a t e  i n t o  a 
vapor iza t ion  chamber maintained above 50OoC. Hydrogen and 
helium a r e  added downstream to  t h e  gaseous metal  ch lo r ides  and 
t h e  gaseous mixture i s  then fed i n t o  t h e  depos i t ion  chamber. 
The sample being coated with Nb3Sn i s  maintained a t  temperatures 
ranging from 7OO0C t o  900°C depending on t h e  depos i t ion  r a t e  
desired. 
RCA Laborator ies  had f u r t h e r  explored t h i s  process  and 
p r i o r  t o  t h i s  con t r ac t  developed techniques f o r  depos i t ing  
homogeneous depos i t s  of Nb3Sn on f l a t  and c y l i n d r i c a l  geometries 
on v a r i e t i e s  of metal  and i n s u l a t o r  subs t r a t e s3 .  Nb3Sn f i lms  
ranging i n  th ickness  from 0 . 2  t o  30 m i l s  (0.0002 t o  0.030 inch)  
w e r e  deposi ted on f l a t  Hastel loy and ceramic s u b s t r a t e s .  The 
Nb3Sn depos i t s  exh ib i t ed  c r i t i c a l  temperatures ranging from 
1 7 . 6  t o  18.3OK and t r a n s i t i o n  widths  from 0.04 t o  0.4OK. Ad- 
herence of t h e  Nb3Sn f i lms  t o  t h e  var ious  s u b s t r a t e s  was ex- 
ce l l en t .  Superconducting cur ren t  d e n s i t i e s  of 3 x L O 5  amps/ 
cm2 i n  a 90-kilogauss background f i e l d  w e r e  a t t a ined .  
In  add i t ion  t o  deposi t ing adherent superconductive Nb3Sn 
f i lms  on metal  and i n s u l a t o r  s u b s t r a t e s ,  Nb Sn was a l s o  deposi ted 
on t h e  i n s i d e  su r face  of quar tz  tubes up t o  25mm i n  diameter.  On 
cool ing ,  t h e  Nb3Sn separated from t h e  qua r t z  leaving a pure un- 
supported Nb3Sn t u b e .  
i n  t h i s  manner. 
3 
Nb3Sn tubes  up t o  50 m i l s  t h i c k  w e r e  made 
These deposi ted Nb3Sn f i l m s  a r e  a l s o  amenable t o  f a b r i c a t i o n  
techniques f o r  p r e c i s e l y  forming o r  "p r in t ing"  i n t r i c a t e  p a t t e r n s  
of superconductive Nb3Sn. 
N b  Sn was deposi ted on 1-inch wide platinum s u b s t r a t e ,  and using 
photo-etching techniques,  concentr ic  Nb3Sn r i n g  p a t t e r n s  w e r e  
etched o u t  on each s i d e  of the tape.  When a series of t hese  d i s c s  
w e r e  stacked and placed i n  a magnetic f i e l d ,  supercur ren ts  w e r e  in-  
duced i n  t h e  r i n g s ,  andh igh  f i e l d s  w e r e  sh ie lded  t h a t  w e r e  r e l a -  
3 
3 
t i v e l y  f r e e  from f l u x  jumps. P r i o r  t o  t h i s  c o n t r a c t  maximum 
f i e l d  shielded i n  t h i s  manner i n  a mul t ip le  s t ack  arrangement 
2 . 1 - c m  long, 2.5-cm O.D.,  and 0.5-cm I . D .  was 60 ki logauss4.  
I n  studying t h e  e f fec ts  of neutron r a d i a t i o n  on Nb3Sn, RCA 
had found tha t5 t6 :  
1. the cu r ren t  dens i ty  of N b  Sn increases ;  
2 .  
3 
t h e  s t a b i l i t y  of t he  Nb3Sn l a y e r  ,decreases.  
These e f f e c t s  were a t t r i b u t e d  t o  t h e  a d d i t i o n a l  d i s l o c a t i o n s  i n -  
duced i n t o  the JTb3Sn s t r u c t u r e .  
It  i s  expected t h a t  work covered under t h i s  c o n t r a c t  w i l l  
make poss ib l e  t h e  u t i l i z a t i o n  of superconductive Nb3Sn l a y e r s  
with i n t r i c a t e  geometries which w i l l  f i n d  app l i ca t ions  i n  s h i e l d i n g ,  
f l u x  pumping, f i e l d  shaping and energy s to rage  devices .  
4 
a. CONTRACT NAS 3-4113 
t 
I A major o b j e c t i v e  of  t h i s  c o n t r a c t  was t o  i n v e s t i g a t e  t h e  
electromagnet ic  p r o p e r t i e s  of  niobium-stannide f i lms  f o r  poten- ' 
t i a l  high magnetic f i e l d  devices.  An a d d i t i o n a l  aim was t o  inves- 
t i g a t e  t h e  e f f e c t s  of e l ec t ron  bombardment on t h e  Nb3Sn f i lms .  
(Work was a l ready  underway a t  RCA on neutron r a d i a t i o n  e f f e c t s . )  
These o b j e c t i v e s  have been a t t a i n e d  and a r e  descr ibed i n  t h e  f o l -  
lowing pages. Sect ion I11 d e t a i l s  t h e  process  f o r  depos i t i ng  
Nb3Sn on cy l inde r s  and t h e  electromagnetic eva lua t ion  of Nb3Sn 
l a y e r s .  Sect ion I V  d e a l s  w i t h  t h e  continuous and uniform deposi-  
t i o n  of Nb3Sn on 2-inch wide ribbon. 
concent r ic  Nb3Sn r i n g  d i s c  approach f o r  e i t h e r  a l l e v i a t i n g  o r  
minimizing t h e  f l u x  jumping problem. In  Sec t ion  V t h e  e f f e c t s  of 
e l e c t r o n  bombardment on t h e  superconductive p r o p e r t i e s  of  Nb3Sn 
a r e  descr ibed,  and Sect ion V I  d i scusses  some a p p l i c a t i o n s  of t h e  
s tacked d i s c s  of  concent r ic  Nb3Sn r i n g s  f o r  high f i e l d  supercon- 
duc t ive  devices.  
A l s o  descr ibed  i s  t h e  s tacked 
5 
111 .  DEPOSITION PROCESS AND ELECTROMAGNETIC 
EVALUATION OF Nb,Sn LAYERS 
A. PROCESS 
The o r i g i n a l  vapor-deposit ion apparatus  f o r  growing niobium- 
s tannide  on cy l inders  and f l a t s  i s  shown i n  Figure 1. 
CHLORIDE INLET 
DI LUE 
FIG. I STATIC FILM DEPOSITION APPARATUS 
The s u b s t r a t e  i s  f i r s t  ground t o  t h e  d e s i r e d  s i z e  and then u l t r a -  
s o n i c a l l y  cleaned. 
t h e  same temperature a s  t h e  depos i t ion  chamber. The furnace t e m -  
pe ra tu re s  a re  con t ro l l ed  t o  wi th in  p l u s  o r  minus t e n  degrees cen- 
t i g rade .  The e n t i r e  depos i t ion  apparatus  is  f lushed f o r  approxi- 
mately one hour with helium p r i o r  t o  beginning t h e  niobium-stannide 
depos it ion. 
The s u b s t r a t e  i s  immersed and maintained a t  
.Niobium pentachlor ide and t i n  d i c h l o r i d e  i n  a 50 percent  
molecular r a t i o  a r e  i n j e c t e d  by a s c r e w  mechanism i n t o  t h e  depo- 
s i t i o n  chamber. The metal  ch lo r ides  are v o l a t i l i z e d  a t  temper- 
a t u r e s  ranging from 800 t o  900°C a t  the i n l e t  end of t h e  r eac t ion  
t u b e  and t ransported toward t h e  s u b s t r a t e  samples by t h e  helium 
d i l u e n t  gas (Figure 1). Hydrogen i s  introduced through a r o t a t i n g  
t u b e  which s w i r l s  t h e  gas  t o  a s su re  thorough mixing of t h e  r e a c t i n g  
gases  i n  t h e  a rea  of  t h e  s u b s t r a t e  t o  be coated wi th  Nb3Sn. 
ch lo r ides  and hydrogen r e a c t  a t  t h e  h o t  su r f ace  of  t h e  s u b s t r a t e s  
t o  form a homogeneous adherent Nb3Sn f i l m .  
r eac t ion  by-products a r e  exhausted a t  t h e  oppos i t e  end of  t h e  i n l e t .  
The deposi t ion temperature ranges from 800 t o  9OOOC. The o v e r a l l  
The 
The unused gases  and 
I 6 
L 
I chemical reaction is as follows: 
f 
1 1 "  
(9 
ROTATING HYDROGEN INLET 
CYLINDER 
-7- 
I 
1 I 
s I I 
fr 
O L i !  - ---- L, ----- r 
MIXING DEPOSITION 
CHAMBER CHAMBER 
3Nb C15 + Sn C12 + 8% H2 A%Nb3Sn + 17 HC1 
During a typical deposition run the gaseous atmospheres were 
as follows: 
Gas Molecular Concentration 
Helium 0 . 7 5  moles/hour 
Hydrogen 2 moles/hour 
Niobium Pentachloride 0 . 0 5 5  moles/hour 
Tin Dichloride 0 . 0 5 5  moles/hour 
The original vapor-deposition apparatus was modified after run 
No. 21 to accommodate larger diameter cylinders and flats. The 
uniformity of the Nb3Sn deposit was also improved by (1) incor- 
porating a mixing chamber where the powder metal chlorides are 
volatilized and (2) allowing sufficient residence time in the 
mixing chamber to dampen the fluctuations in powder-feed rate, 
and (3) replacing the rotating hydrogen inlet by injecting the 
hydrogen in the immediate vicinity of the substrate sample. The 
modified static film deposition apparatus is shown in Figure 2. 
FIG. 2 Nb3Sn VAPOR DEPOSITION CHAMBER 
A summary of all deposition conditions and an electromagnetic 
evaluation of the Nb3Sn layers is presented in Table 1. 
apparatus, niobium-stannide was deposited on flats up to 1-inch 
wide by 2 inches long and on cylinders up to %-inch diameter. 
Good adherent Nb3Sn deposits were obtained on steatite, Hastelloy, 
nickel and platinum substrates. 
With this 
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TABLE I 
SuLcullY OF DEIOSI~ION CxJNDITIONS AND 
ELEC'l?IOIUQlLTIC NAWATION OF N b p  
txrrapo. Rate of 
Oep. Feed h p .  Substrate Field Shielded o( Type Field Plating 
Run No. c Cm/Hr Hra No. Uaterial Inch Inch kC kC Shleldiw GauaaIScc Platinn h~nplFt~ 
T e v .  Rate Time, Saqle Subitrate 0. 0. E e l  Shielded Field Of &Pi. Rate 
H..tell0y 
steatite 
Flats 
ne.tc110y 
steatite 
Flats 
H..telloy 
stc.tice 
Flats 
H.. tel loy 
ste.tite 
F1.t. 
Has tel loy 
sre.t i c e  
Plat8 
H..tell0y 
steatite 
P1.t. 
H..tell0y 
steatite 
F1.t. 
H..tcll0y 
Ste4tite 
Flat. 
H...cclloy 
steatite 
F1.t. 
H.are11oy 
ste.tite 
F1.t. 
H..tclloy 
Steatite 
Plat.  
H.ste11oy 
Steatite 
Il.t8 
steatite1 
S t e a t i t e 1  
S t e a t i t e  
F la t s2  
s t e a t i t e  
Steat  it& 
s t e a t i t e 4  
Bastelloy 
Ilaste11oy 
Nickel 
Nickel 
U s t e l l o y  
Easte11oy 
Hantelloy 
U s t c l l o y  
8 . s te l loy  
Bastelloy 
i iastelloy 
Hamtelloy 
UAatalloy 
U s t e l l o y  
Hastclloy 
Bsste11oy 
Hastclloy 
Nickel 
Nickel 
Plmtinum 
Platinum 
Platinum 
Platinum 
Platinum 
Platinum 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
No Significant Shielding 
Unstable 
None 
None 
NO"= 
28055 11 
28055 #2 
28055 1 3  
28055 u4 
28055 U5 
28055 w 
28055 (7 
28055 # 
28055 y9 
W S S  #IO 
28055 #ll 
28055 112 
28055 111 
28055 t l 4  
28055 #I5 
28055 d16 
28055 #17 
28055 #1p 
28055 #19 
BOO - 2-1/2 
800 - 1-1/2 
800 4.09 2 - J / 4  
800 3.5 6 
900 3.59 6-1/2 
900 3.59 3 
900 4.39 6 
900 10.5 7-1/2 
U"..ti*. Run 
0.1 
1 . O  
0.3 
0.1 
0.3 
0.1 
0.1 
0.3 
1.0 
0.5 
1.0 
0.5 
0 . 6  
1.1 
1 .o  
2.0 
1.1 
1.7 
0.6 
0.5 
2.5 
2.1 
2.1 
1.3 
16 
16 
50 
11 
500 
4 
2 
3 
I 
5 
7 
6 
8 
9 
10 
11 
12 
11 
14 
15 
14 
14 
18 
16 
11 
11 
19 
20 
20 
2 1  
2 1  
22 
22 
23 
23 
24 
24 
24A 
25 
25 
25 
25 
26 
26 
27 
28 
29 
30 
31 
31 
.7 
Unstable 
No Significant Shielding 
No Significant Shielding 
No Significant Shielding 
No Significant Shielding 
No Significant Shielding 
No Significant Shirldiw 
No Significant Shielding 
No Significant Shieldin& 
No Significant Shielding 
No Slgnlficant Shleldlng 
1 .o 
1.4 
1.07 1.4 Stable 
4.7 10.0 Unatabla 
None 
AB. 13 
900 
900 
900 
900 
900 
900 
900 
900 
900 
900 
10.5 7-1/2 
14.5 3-114 
10.0 2-1/2 
17 7-3/4 
14.5 3.3 
24.0 2.0 
28.0 2.5 
30.0 0.5 
12.7 3.0 
12.7 1 . 5  
15.2 1 . 0  
50.0 1.25 
19.0 2.0 
25.0 2.0 
18.0 2.0 
18.0 1 .0  
1 . 5  
1 .3  
0.51 1.7 Stable 
2.4 2.2 Partially Stable 16 
None 
Bone 
1.1 
Unstable 
.90 3 . 3  Stable 350 
~ Unstable so 
Nom 
None 
Dep.Fl.ked off 
1.0 
Dep.Fl.kcd off 
1.7 
5 . 3  6.7 Unstable 8 None 
Un.table Unmtable Unntabla 5 Nons 
None 
43 33 
None 
Unatsble t 8.0 
Unstable 8.0 
4.6 8.5 Unstable 8.0 
0.1 1.3 1.8 5.3 5.4 Part .Stable 10.0 
0.75 1.7 1.61 4.5 6.6 Unstable 9.0 
0.15 2.4 2.5 4.8 0.46 UMtable 7.0 
None 
None 
None 
, 
None 
None 
None 
As 53 
Depoait Flaked Off 
0.25 No Signi f icant  Shie ld ing  , 8.0 
0.25 No Signi f icant  Shie ld ing  , 8.0 
1.5 Unntable , 7.0 
5 .O 1.5 1.6 1.9 2.16 5.5 S tab le  
Deposit Flaked Off . 
Depoait Flaked Off 3 
1.0 1.6 
1.0 1.6 
1.2 1.0 Stab le  8.0 none 
1.2 1.0 1 Jump 250.0 None 
28055 #20 
28055 #21 900 
Unaatisfactory Deposition-Air Leak in System 
33 
33 - 
33 
5 
5 
33 
5 
33 
33 
33 
0.375 0.5 Unstable + 7.0 None 
0.375 0.5 2.2 2.8 16.6 9.7 R a t . S t a b l e  8.0 nS 
0.175 0.75 2.2 2.2 3.4 3.8 Rrt.mbh 8.0 none 
0.375 0.75 1.8 - 2.9 3.6 S tab le  8.0 43 
2.4 Unstable , 8.0 43 
0.375 2.4 Unstable , 8.0 None 
0.25 Not kasured 
Unaatisfactory Deposition 
0.500 1.1 1.2 1.82 1 .0  1 .0  R r t . S t a b l s  8.0 M O M  
0.500 1 . 0  1.2 1.82 1.2 1 .0  Nmost S tab le  8.0 4 
1.89 1.4 1.0 S a b l e  34.0 4 
0.500 2.3 Unmtable 8.0 lone  
2.3 3 .0  6.7 12.0 2:: Fnrt.Stable 8.0 4 
0.500 1.1 1.5 1.89 1.4 1.0 S t a b l e  8.0 4 
0.500 1.1 1.5 
0.500 2.3 5.0 8.0 8.3 U M t 8 b h  ' 8.0 4 
Run Conducted To Obtain Shmt-5.mple SpecLmcm 
0.250 2.0 3.6 5.7 5.7 6.1 P u t . S t a b l a  5 .0  I IOM 
0.250 1.6 3.0 5 .0  3.8 3.95 Put .Stmble 5.0 MOO. 
2.0 5.7 5.7 6.1 Stab le  500.0 4 
0.250 0.8 1.2 1.2 1.8 3.65 Stable  5.0 No- 
28055 #22 900 
28055 123 
28055 624 900 
28055 #25 
28055 #26 900 
28035 #27 900 
0.250 0.6 2.2 2.9 17.3 10.0 R r t . S a b l e  5.0 
2.0 2.6 16.8 10.0 a m b l e  
0.250 0.6 2.0 2.1 8.9 7.5 Stmbla 3:' 5.0 AI ilslu 
0.250 0.6 2.0 2.1 8.9 7.5 Stab le  
280SS I 2 9  900 
X-ray d i f f r a c t i o n  p a t t e r n s  o f  t he  l a t t i c e  show t h e  niobium- 
s tannide  on t h e  s t e a t i t e ,  platinum, n i c k e l  and Has te l loy  t o  be 
single-phase wi th  l a t t i c e  constants  ranging between 5.289 t o  
5.290°A. The experimental  technique f o r  determining t h e  X-ray 
p a t t e r n s  cons is ted  of scraping niobium-stannide from t h e  sub- 
s t ra te  and obta in ing  powder fi lm p a t t e r n s  using 2 radian cameras 
with Cu/Ni r ad ia t ion .  The l a t t i c e  cons t an t s  w e r e  obtained using 
a RCA 601 computer i n  conjunction wi th  a program incorpora t ing  
Cohen' s method of least  squares7. 
having double angles  g r e a t e r  than 120° w e r e  used i n  c a l c u l a t i n g  
t h e  l a t t i c e  parameters.  The d i f f r a c t i o n  l i n e s  on t h e  f i lms  w e r e  
measured wi th  v e r n i e r  and m i l l i m e t e r  s c a l e s .  
.+ 
Only the back r e f l e c t i o n  l i n e s  
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R .  THEORETICAL CONSIDERATIONS 
1. introduction 
When a superconducting r i n g  o r  c y l i n d e r  i s  placed i n  a back- 
ground f i e l d ,  H ,  supe rcu r ren t s  are induced i n  t h e  r i n g  o r  c y l i n -  
d e r  and t h e  superconductor s h i e l d s  t h e  magnetic f i e l d  from t h e  
i n t e r i o r  u n t i l  t h e  c r i t i c a l  c u r r e n t  of t he  superconductor i s  
reached. A t  t h i s  f i e l d ,  p e n e t r a t i o n  t a k e s  p l ace  (neg lec t ing  f l u x  
jumps) and the amount of  s h i e l d i n g  decreases  monotonically a s  t h e  
appl ied  f i e l d  is  increased f u r t h e r  ( a t  h ighe r  f i e l d s  t h e  c r i t i c a l  
c u r r e n t  i s  lower).  I f  t h e  superconductive l a y e r  on t h e  c y l i n d e r  
r e v e r t s  momentarily t o  t h e  normal s t a t e ,  the e n t i r e  e x t e r n a l  mag- 
n e t i c  f i e l d  pene t r a t e s  the c y l i n d e r  and no s h i e l d i n g  i s  exh ib i t ed  
by t h e  cy l inder .  A s  t h e  f i e l d  i s  f u r t h e r  increased ,  t h e  c y l i n d e r  
s t a r t s  sh i e ld ing  the background f i e l d  again.  Momentary revers ion  
t o  t h e  normal s t a t e  i s  r e f e r r e d  t o  as a f l u x  jump*. 
f e c t i n g  i n i t i a t i o n  of t h e  f l u x  jumps w i l l  be d iscussed  l a t e r .  
The s h i e l d i n g  c h a r a c t e r i s t i c s  of  a c y l i n d e r  t e s t e d  under cond i t ions  
where no f l u x  jumps occurred i s  shown i n  F igure  3 .  The d o t t e d  l i n e  
i s  t h e  sh i e ld ing  behavior  o f  t h e  same c y l i n d e r  when t e s t e d  i n  an 
environment favorable t o  f l u x  i n s t a b i l i t i e s .  
2. Shielding Behavior of Long Hol low Nb,Sn Cylinders 
Fac to r s  e f -  
K i m  and coworkers8 found t h a t  t h e  l o c a l  magnet izat ion ( d i f -  
fe rence  i n  gauss between t h e  i n t e r n a l  and e x t e r n a l  f i e l d s )  mea- 
sured a t  the c e n t e r  of  t h e  tube  could be der ived  from an induced 
supercur ren t  dens i ty  wi th  a c r i t i c a l  va lue  given by: 
a 
Jc = 7 3 7  
where a and Bo are cons t an t  and H i s  perpendicular  t o  J. 
region of  l o w  c u r r e n t  d e n s i t y  J, and high f i e l d s  H, the term 
I n  t h e  
= JH = cons tan t  (H >>Bo) ( 2 )  
t a k e s  on the physical  s i g n i f i c a n c e  of  the Lorentz f o r c e  which 
determines the superconductive t o  normal t r a n s i t i o n  s t a t e .  
I f  a uniform magnetic f i e l d  H i s  app l i ed  p a r a l l e l  t o  the 
a x i s  of a l o n g  hollow Nb3Sn c y l i n d e r  of o u t e r  r a d i u s  a ,  i n s i d e  
r ad ius  b,  and w a l l  t h i ckness  w, the f l u x  d e n s i t y  a t  any r a d i a l  
p o i n t  r i s  determined completely through the r e l a t i o n s :  
B = H + 4 7 ' m  
J ( B )  = c v x  m 
10 
( 3 )  
. 
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which reduces t o  t h e  s c a l a r  equation: 
B ( r )  = H + m (r)  (4) 
where m ( r )  i s  t h e  magnetization. 
The f i e l d  value of t h e  center  ( r  = 0 )  i s  t h e  measurable 
q u a n t i t y ,  H. When t h e  sample i s  i n  t h e  c r i t i c a l  s t a t e ,  f o r  a given 
field-dependent c r i t i c a l  current  dens i ty  Jc (B) equation (4) becomes: 
H '  = H + k l a  JcE3(rJ d r  = H + k w j ( 5 )  
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where k = 0.4 gauss-cm/A and J i s  an average c u r r e n t  d e n s i t y .  E l i m -  
i n a t i o n  of  r leads  t o  t h e  i n t e g r a l  r e l a t i o n s :  
H* + $M 
k=/ H* - $M 
where H* = % (HI + H ) i s  L e  mean f i e l d  i n  the sample wal,, and 
M = H '  - H i s  t h e  f i e l d  produced by the induced supercur ren t .  
Equation ( 5 )  relates t h e  c r i t i c a l  c u r r e n t  d e n s i t y  J(B) t o  ob- 
servable  experimental va r i ab le :  H ,  H '  and w. Using (1) i n  
( 6 )  one ob ta ins :  
i n t e g r a t i n g :  
2 akw = (HI - H )  Bo + ( H '  - H 2 )  
o r :  
P 7 
akw = (HI - H )  Po + H' i- 
2 
(9)  
Recal l ing the  d e f i n i t i o n  of M and H*, (8 )  becomes 
i n d i c a t i n g  t h a t  i f  (1) i s  v a l i d ,  1/M should be l i n e a r  i n  H*. 
Thus, an experimental p l o t  of 1/M vs .  H* a l lows us  t o  v e r i f y  
t h e  form of  (1) i n  add i t ion  t o  eva lua t ing  t h e  cons t an t s  aand 
BO 
1 2  
C.  ELECTROMAGNETIC EVALUATION 
1. Testing Procedure 
a .  Cylinder Evaluation 
The sh ie ld ing  c h a r a c t e r i s t i c s  of the Nb Sn l a y e r  on cy l -  3 
i nde r s  w e r e  measured i n  a 30-kilogauss, a l l  niobium-stannide 
ribbon magnet. This superconductive magnet was 54 inches long, 
had a I&-inch diameter and provided a 3-inch a x i a l  f i e l d  uni- 
formity of +2% percent .  The magnetic f i e l d  i n s i d e  and ou t s ide  
t h e  cy l inde r  under t e s t  i s  measured with a SBV522 Hal l  probe 
and recorded on an X-Y recorder.  The phys ica l  arrangement of 
t h e  Hal l  probe, t e s t  cy l inder ,  and magnet i s  shown i n  Figure 4. 
TAPE WOUND SUPERCONDUCTING MAGNET 
RCA 3 0 k G  7 
d S B V 5 2 2  HALL PROBE 
2 ‘I I ?4l1 
.c 
1 
I I 1 4 
‘CYLINDER UNDER TEST li 
FIG.4 SCHEMATIC OF CYLINDER TESTING APPARATUS 
The cu r ren t  i n t o  t h e  magnet i s  con t ro l l ed  by a r a t e  con t ro l  
assembly cons i s t ing  of a va r i ab le  d i r e c t  c u r r e n t  motor d r iv ing  
a 25-turn h e l i p o t .  This permits t h e  v a r i a t i o n  of the magnetic 
f i e l d  from 0-30 k i logauss  a t  r a t e s  varying from 3 gauss/sec.  
t o  500 gauss/sec.  
b. Short Sample T e s t s  
The c r i t i c a l  current-magnetic f i e l d  c h a r a c t e r i s t i c s  of 
the sample under t e s t  i s  measured i n a  background f i e l d  up t o  
30 k i logauss  using tes t  samples a s  shown i n  Figure 5. 
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FIG.5 TEST SAMPLE 
The l a r g e  areas a r e  used f o r  cu r ren t  con tac t s  and vol tage  probes 
a r e  placed a t  t h e  ex t r emi t i e s  of t h e  15-mil wide s t r i p .  
malcy i s  considered t o  occur when t h e  vo l t age  across  t h e  super- 
conductor j u s t  exceeds 10  microvolts.  The c u r r e n t  and magnetic 
f i e l d  a r e  both r a t e  con t ro l l ed  and c r i t i c a l  p o i n t s  a r e  de t e r -  
mined by both maintaining a cons tan t  c r i t i c a l  f i e l d  while  in -  
c reas ing  the cu r ren t ,  and by maintaining a cons tan t  c r i t i c a l  
f i e l d  while increas ing  t h e  magnetic f i e l d .  To determine cur- 
r e n t  d e n s i t i e s ,  accura te  c ros s  s e c t i o n s  a r e  obtained from metal- 
lographic cross  sec t ion  measurements. 
Nor- 
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2. Shielding Characteristics of Cylinder and Factors Influencing Flux Jumps 
a .  Concept  of Stable  Shielding 
Niobium-stannide can be vapor-deposited wi th  r e l a t i v e  ease  
i n  th icknesses  ranging from a minimum of a f r a c t i o n  of a m i l  
(<.001 inch)  t o  a maximum of  50 t o  100 m i l s  on f l a t s  and ex ter -  
i o r  of cy l inders .  Heavy depos i t s  of  niobium-stannide a r e  grown 
wi th  r e l a t i v e  ease  on both me ta l l i c  and i n s u l a t o r  s u b s t r a t e s .  
To d a t e ,  however, a l l  heavy depos i t s  have exh ib i t ed  l a r g e  f l u x  
jumps, predominately i n  t h e  low-magnetic-f i e l d  regions.  In  
o rde r  t o  overcome t h e  low-field i n s t a b i l i t i e s ,  e f f o r t s  w e r e  
focused i n i t i a l l y  on deposi t ing a mul t i l aye r  s t r u c t u r e  on Has- 
t e l l o y  and s tea t i te  cy l inde r s  c o n s i s t i n g  of s eve ra l  t h i n ,  s t a b l e  
l a y e r s .  Each ind iv idua l  layer  was e i t h e r  i nhe ren t ly  s t a b l e  o r  
s t a b i l i z e d  by metal  p l a t i n g  on t h e  sur face .  To e s t a b l i s h  t h e  
th ickness  per  l a y e r ,  t h i n  depos i t s  ranging from 0.5 t o  2 .5  m i l s  
i n  th ickness  w e r e  grown. I n  the  f i r s t  few experimental  runs,  
a t tempts  w e r e  made t o  grow extremely t h i n  depos i t s  on both Has- 
t e l l o y  and s t e a t i t e  subs t r a t e s  (Run 28055, N o .  1 through 7 ) .  I n  
t h i n  depos i t  th icknesses  of only 0 . 1  t o  0.4 m i l s ,  no s i g n i f i c a n t  
s h i e l d i n g  was observed. In  l a t e r  experimental  runs,  depos i t  
th icknesses  w e r e  increased up t o  2.5 m i l s .  The heav ie r  depos i t s  
sh ie lded  a maximum of 1 .7  k i logauss ;  however, f l u x  jumps were 
p r e s e n t  i n  t h e  low-field region. With s t e a t i t e  cy l inde r s ,  f l u x  
jumps and f i e l d  i n s t a b i l i t i e s  w e r e  p re sen t  when t h e  depos i t s  
w e r e  a s  t h i n  a s  0.5 m i l s  and t h e  value of  a ,  a ma te r i a l  cons tan t  
was only 5.3 x l o 6  kG-amp/cm*. I n  t hese  t es t s  t h e  f i e l d  was 
only increased a t  15  gauss/second. I n  c o n t r a s t ,  a Has te l loy  
c y l i n d e r  with a 2 .0  m i l  :niobium-stannide l a y e r , ,  and a o f  0.53 
was s t a b l e  throughout t h e  tes t  reg ion;  even when t h e  f i e l d  was 
app l i ed  a s  r ap id ly  a s  500 gauss/second. A t  t h i s  p o i n t ,  it be- 
came c l e a r  t h a t  a more complete i n v e s t i g a t i o n  of  t h e  f a c t o r s  
e f f e c t i n g  s t a b i l i t y  of t h e  Nb3Sn l a y e r ,  such a s  r a t e  of f i e l d  
a p p l i c a t i o n ,  th ickness  of depos i t ,  cu r ren t  dens i ty ,  s u b s t r a t e ,  
geometry of s u b s t r a t e  and p l a t i n g  w e r e  required.  These fac-  
t o r s  w i l l  be discussed i n  a l a t e r  s ec t ion .  
b. Mul t i l ayered  Structures 
I n  p a r a l l e l  w i t h  t h e  e f f o r t s  t o  ob ta in  s t a b l e  Nb3Sn lay- 
ers, a two-layer cy l inde r  was processed cons i s t ing  of an i n i t i a l  
JTb3Sn l a y e r  1.1 m i l s  t h i ck  and an a d d i t i o n a l  N b  Sn l a y e r  1 . 0  
m i l s  t h i ck .  
nes ses  up - to  4 m i l s  t h i ck  on Hastel loy and s t e a t i t e  p l a t e s  
(0.75" wide by 1.00" long) .  A c ros s  sec t ion  of  t h e  l a t t e r  i s  
shown i n  Figure 6 .  
3 Second Nb3Sn layers  w e r e  a l s o  deposi ted i n  th ick-  
1 5  
SECOND Nb,Sn 
-SILVER PLATING 
.II ORIGINAL Nb3Sn 
DEPOSIT 
STEATITE 
I- SUBSTRATE 
TD E POSIT 
FIG.6 CROSS SECTION OF MULTILAYERED STRUCTURE 
Ffom metallographic examination, it i s  ev ident  t h a t  t h e  
l a y e r s  adhered w e l l  t o  each o t h e r  wi th  no v i s i b l e  void between 
the l aye r s .  Each l a y e r  i s  d i s t i n c t  w i t h  a well-defined c r y s t a l  
s t r u c t u r e .  These r e s u l t s  establish the f e a s i b i l i t y  of  assem- 
b l i n g  such mult i layered s t r u c t u r e s .  
c .  Factors  Influencing F l u x  Jumps 
The magnetic sh i e ld ing  c h a r a c t e r i s t i c s  of a t u b u l a r  Nb3Sn 
l a y e r  a r e  s t rongly  inf luenced by i t s  phys ica l  dimensions, test-  
ing  environment and s t r u c t u r e  of  the Nb3Sn. 
w i l l  be discussed below. 
These parameters 
(1) Correlation of a with NbgSn Layer Stability 
According t o  the Anderson-Kim d e s c r i p t i o n  of  Type I1 super- 
conductors,  a i s  a ma te r i a l  cons t an t  p ropor t iona l  t o  the c u r r e n t  
d e n s i t y  o f  the  superconductor. The l a r g e r  the va lue  of a ,  the 
m o r e  e f f e c t i v e  a r e  the l o c a l i z e d  f l u x  pinning s i tes  which pro- 
v ide  a r i g i d  matr ix  aga ins t  the Lorentz fo rce  J x B. When the 
Lorentz force exceeds the pinning fo rce ,  f l u x  motion r e s u l t s .  
The f l u x  motion i s  more v i o l e n t  i n  m a t e r i a l  wi th  a l a rgea ,  w i t h  
higher vol tages  induced, and consequently increased  p r o b a b i l i t y  
of generat ing f l u x  jumps. Table I1 p r e s e n t s  the e f f e c t s  Of in -  
c r eas ing  a ,  w h i l e  maintaining the s u b s t r a t e ,  ra te  of  f i e l d  app l i -  
c a t i o n ,  f i l m  thickness,  and diameter e s s e n t i a l l y  cons tan t .  It 
i s  observed t h a t  the  i n s t a b i l i t i e s  ( f l u x  jump f requencies )  in-  
c r ease  wi th  l a r g e r  va lues  of a .  
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TABLE I1 
E f f e c t  of aon  S t a b i l i t y  of Nb3Sn Layer 
Subs t r a t e  a Type 
of 
Shieldinq* 
Outside 
Run N o .  Sample Subs t ra te  Diameter, Inch 
28055 #10 11 S t e a t i t e  0.250 
~ 28055 #12 1 4  S t e a t i t e  0.250 
2.4 Par t .  S t a b l e  
5.3 Un s t a b  1 e 
Pa r t .  S t a b l e  28055 # 2 1  23 Hastel loy 0.375 3.4 
28055 # 2 1  22 Has t e l  loy  0.375 16.6 Uns t ab 1 e 
28055 #27 29 Platinum 0.250 1.8 S t a b l e  
28055 #29 3 1  Platinum 0.250 8.9 Stab le  
28055 #29 30 Platinum 0.250 1 7 . 3  P a r t .  S t ab le  
* A s t a b l e  depos i t  i s  one wi th  no f l u x  jumps over t h e  e n t i r e  
region t e s t e d .  A p a r t i a l l y  s t a b l e  depos i t  i s  one exh ib i t -  
ing a few f l u x  jumps i n  t h e  low-field (0-5 kG) region,  and 
an unstable  depos i t  i s  one e x h i b i t i n g  no s t a b i l i t y  over  t h e  
region t e s t e d .  
(2) Correlation of NbgSn Layer Thickness with Stability 
The f l u x  jumping problems a s soc ia t ed  with t h i c k  super- 
conductive l aye r s  w e r e  mentioned previously.  However, even with 
t h i n  Nb3Sn l aye r s ,  d i f f e rences  i n  s t a b i l i t y  a s  a funct ion of 
depos i t  thickness  were observed. In  Table 111, two examples of 
t h e  e f f e c t s  of depos i t  th ickness  on s t a b i l i t y  a t  e s s e n t i a l l y  t h e  
same r a t e  of f i e l d  app l i ca t ion  and c u r r e n t  d e n s i t y  a r e  presented.  
It  became e v i d e n t  t h a t  s t a b i l i t y  decreased with increased f i l m  
th ickness .  
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TABLE I11 
Effect of Deposit Thickness on Stability 
W P e  
Deposit Thickness of 
Run No. Sample No. Substrate x Inch Shieldinq * 
28055 #15 1 6  Steatite 
28055 #14 18 Steatite 
28055 #29 3 1  P1 at inum 
28055 #26 27 P 1 at inum 
0.7 Part. Stable 
1.3 Unstable 
0.6 
2.0 
Stable 
Part. Stable 
* The definition of stability is the same as described in Table 11. 
(3) Correlation of Diameter of NbgSn Cylinder with Stability 
It has been observed that as the diameter of the Nb3Sn tube 
increases, the stability of 'the deposit decreases. This is shown 
below in Table IV with a Hastelloy substrate cylinder. In these 
samples, the rate of field application, deposit thickness and a 
remain essentially constant. Additional qualitative data re- 
lating diameter of the Nb Sn deposit with stability has been des- 
cribed but in these cases, the comparison is not clear cut since 
the deposit thickness, a , and substrate were not identical. 
3 
TABLE IV 
Effect Diameter on Nb3Sn Layer Stability 
Type 
of 
Run No. Sample No. Substrate Substrate O.D., In. Shieldinq * 
28055 #19 2 1  Has t elloy 0.250 Stable 
28055 # 2 1  23 Has tel loy 0.375 Stable 
28055 #24 25 Has tel loy 0.500 Part. Stable 
, * The definition of stability is the same as used in Table I. 
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(4) Effect of Rate of F ie ld  Application on Stability of Nb3Sn Layer 
The stability Of the Nb3Sn layer is strongly influenced by 
the rate of field application, i.e., higher rates of field appli- 
cation increase frequency Of flux jumps. This effect is shown in 
Figures 7 and 8, where the rates of field application on the same 
cylinders are increased from 8 to 20 gauss/sec. Similar rate de- 
pendence follows naturally from the Anderson-Kim analysis in that 
with a higher rate of field application, the flux bundles build 
up rapidly at particular sites and exceed the relaxation rate of 
the flux bundles in the superconductor. This causes more frequent 
flux jumps. 
I I .o 
9. e 
8. E 
7. E
(I) 
v) 
3 
u a 2 6.f 
f 
w 
a 4.: 
Y 
2 5 . €  
LL 
-I 
z 
U 
W 
I- z - 3.: 
2 . d  
I . :  
( 
RUN NO. 21 
SAMPLE NO. 23 
RATE 8 GAUSSISEC. 
I I 1 
1.3 2.6 
BACK G R 0 U N D F I E LD, IN K I LOGA'J S s  
19 
10.3 
9.2 
8. i
7. i
v) 
v) 
3 
U " 6.1 
z 
0 5.1 
G 
d 4.1 
s - 
Y 
-I 
W 
z 
n 
W 
I- 
z 3.1 
2 .  
I .  
t I I I I 
1.3 2.6 3.8 5.0 62 7.4 8.6 9P 1I.C 
BACKGROUND FIELD,IN KILOGAUSS 
FIG.8 CRITICAL STATE CURVE WITH FIELD APPLIED AT 20GAUSS/SECON3 
(5) Effect of Substrate on Stability of Nb3Sn Layer 
3 .- 
T h e  s u b s t r a t e  on which the Nb3Sn l a y e r  i s  deposi ted e f f e c t s  
t h e  o r i e n t a t i o n  and growth r a t e  of t h e  Nb3Sn l a y e r  i n  add i t ion  
t o  w h i c h  it can a l s o  a c t  a s  an energy s ink.  Difference i n  s t a -  
b i l i t y  between platinum and s t e a t i t e  cy l inde r s ,  with approximately 
the s a m e  Nb Sn depos i t  thickness ,  c u r r e n t  dens i ty ,  r a t e  of f i e l d  
a p p l i c a t i o n  and diameter are shown i n  Figures  9 and 10. 3 
. 
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Although both cy l inde r s  a r e  uns tab le ,  t h e  f l u x  jumps with 
t h e  platinum s u b s t r a t e  cy l inde r s  a r e  narrower,  s h i e l d i n g  a por- 
t i o n  of t h e  f i e l d  a t  a l l  t i m e s  and i n d i c a t i n g  t h a t  only a l oca l -  
ized por t ion  of t h e  coa t ing  on t h e  c y l i n d e r s  becomes normal. 
When a f l u x  jump occurred i n  t h e  ~b Sn on t h e  s t e a t i t e  s u b s t r a t e ,  
t h e  e n t i r e  cy l inder  became normal so t h a t  t h e  e n t i r e  background 
f i e l d  penetrated t h e  cy l inder .  Applied f i e l d  r a t e  i n  both cases  
was 8 gauss/second. The improved s t a b i l i t y  i s  a t t r i b u t e d  t o  t h e  
supe r io r  e l e c t r i c a l  and thermal conduc t iv i ty  of  t h e  platinum 
s u b s t r a t e ,  
3 
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(6) Effect of Plating on Stability of NbgSn Layer 
To s t a b i l i z e  t h e  t h i n  Nb Sn l a y e r ,  a p l a t e d  coa t ing  of 
3 s i l v e r  was appl ied.  
cu r ren t  and shunting c u r r e n t  s ink,  and a l s o  a s  a thermal con- 
duc tor  f o r  energy r e l eased  during f l u x  movement. The q u a l i t y  
of  t h e  s i l v e r p l a t e  i n  t e r m s  of p u r i t y  and c r y s t a l  s t r u c t u r e  
a f f e c t s  both t h e  e l e c t r i c a l  and thermal c o n d u c t i v i t i e s  of t h e  
coat ing.  A decrease i n  l a t t i c e  d e f e c t s  and impur i t i e s  w i l l  i n -  
c r ease  both t h e  thermal and e l e c t r i c a l  c o n d u c t i v i t i e s .  The 
h ighes t  degree of s t a b i l i z a t i o n  i s  obtained wi th  s i l v e r  coa t ing  
having t h e  h ighes t  e l e c t r i c a l  and thermal c o n d u c t i v i t i e s .  Fig- 
u re s  11, 1 2 ,  and 1 3  show t h e  sh i e ld ing  behavior of cy l inde r  
28055-24 N o .  25 under the following condi t ions-  (1) i n i t i a l l y  
s i l v e r  p l a t i n g  removed and rep la ted  a t  5 amperes/foot . A 
l a r g e r  c r y s t a l  s t r u c t u r e  is  obtained with slower p l a t i n g  r a t e s .  
I t  i s  in fe r r ed  t h a t  t h e  s i l v e r  p l a t i n g  s t a b i l i z e s  t h e  Nb3Sn 
l a y e r  t o  a degree: and whereas p a r t i a l l y  s t a b l e  depos i t s  can be 
converted t o  completely s t a b l e  depos i t s ,  i n i t i a l l y  uns tab le  de- 
p o s i t s  cannot be completely s t a b i l i z e d .  N o  changes i n  cu r ren t  
d e n s i t y  of t h e  N b  Sn l a y e r  w e r e  observed a s  a r e s u l t  of s i l v e r  
p l a t i n g .  
The s i l v e r  p l a t i n g  a c t s  bo th  a s  an eddy 
4 unplated,  ( 2 )  s i l v e r  p l a t e d  a t  33 amperes/foot i , and 3 )  t h e  
3 
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(7) Correlation of Experimental Results with Present Theory 
. 
The experimental r e s u l t s  discussed above a r e  i n  apparent  
agreement with r ecen t  ca l cu la t ions  of Wischmeyer and Kim’. I n  
hard superconductors, a s  f l u x  l i n e s ,  pinned t o  s t r u c t u r a l  de- 
f e c t s ,  creep by Lorentz forces  and thermal a c t i v a t i o n  power i s  
d i s s i p a t e d .  With increased power d i s s i p a t i o n ,  f l u x  creep can 
t u r n  i n t o  tu rbu len t  flow, causing c a t a s t r o p h i c  breakdown of  
f l u x  s t r u c t u r e  he re  descr ibed a s  a f l u x  jump. 
The onse t  of a f l u x  jump occurs a t  a c r i t i c a l  power l e v e l .  
The expression f o r  power d i s s i p a t i o n  is  P = J - E * A * ,  where J i s  
t h e  c u r r e n t  dens i ty ,  E i s  the induced vol tage ,  and A i s  t h e  con- 
duc tor  a rea .  
cons t an t ,  Bo i s  a cons tan t ,  and H i s  t h e  appl ied  f i e l d ,  E = 
assuming a conductor c ros s  sec t ion  a rea  equal t o  the Nb Sn l a y e r  
th ickness  and u n i t  l ength ,  one o b t a i n s  t h e  expression f o r  power 
d i s s i p a t i o n  : 
Subs t i t u t ing  J = a / ( B o  + H ) ,  where a i s  a ma te r i a l  
,a2 i s  t h e  c ros s  sec t ion  a rea  of t h e  sh ie lded  a rea ,  and 
3 
On the b a s i s  of power d i s s i p a t i o n  p e r  u n i t  su r f ace  a rea  of 
superconductor, t h e  expression becomes: 
Q d i s  = a 10-8 n a  - dH w -  1 ( 1 2 )  
Bo + H d t  2-ira 
o r :  
Q d i s  = - aw a - dH (13) 
2 B + H  d t  
0 
i f  B < < H I  then ( 3 )  becomes: 
0 
dH 
2 H  d t  
Q d i s  = lo-* - 7  aw a - 
where: a = r ad ius  
w = wal l  thickness  
H = background f i e l d  
dH - = r a t e  of f i e l d  app l i ca t ion  d t  
a = material  cons tan t  
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Since t h e  onse t  of f l u x  jumps occurs a t  a c r i t i c a l  power 
l e v e l ,  any v a r i a b l e  i n  ( 4 )  which tends t o  increase  t h e  power 
d i s s i p a t i o n  w i l l  also increase  t h e  frequency of f l u x  jumps. 
Thus, one expects t h a t  t h e  frequency of f l u x  jumps should in-  
c r ease  a s  (1) a increases ,  ( 2 )  Nb3Sn l a y e r  th ickness  inc reases ,  
( 3 )  r ad ius  inc reases ,  ( 4 )  - dH inc reases  and (5 )  H decreases .  
d t  
The c r i t i c a l  power l e v e l  of a t h i n  depos i t  can a l s o  be 
a l t e r e d  by changing t h e  thermal and e l e c t r i c a l  environment. 
I f  t h e  s u b s t r a t e  and metal p l a t i n g  i s  a good thermal conduc- 
t o r ,  l o c a l  hea t ing  wi th in  t h e  superconductor r e s u l t i n g  from 
f l u x  motion can be r ap id ly  d i s s i p a t e d  and consequently t h e  
ca t a s t roph ic  breakdown of t h e  f l u x  s t r u c t u r e  w i l l  occur a t  a 
h igher  power l e v e l  than i f  t h e  thermal s ink  w e r e  no t  p re sen t .  
S imi l a r ly ,  a good e l e c t r i c a l  conductor a c t s  a s  a c u r r e n t  shunt 
f o r  a l o c a l  po r t ion  of t h e  superconductor r e v e r t i n g  t o  t h e  
normal s t a t e .  
The v a r i a t i o n  of t h e  above parameters a re :  
Parameter Var ia t ion  
6 2 a 1 t o  18 x 10 kG-amp/cm 
Thickness of Deposit 0.6 t o  2 x inches 
Diameter of Cy1 inde r s  0.250 t o  0.500 inches 
Rate of F ie ld  Applicat ion 8 t o  20 gauss/sec. 
Background F ie ld ,  kG 0 t o  1 2  k i logauss  
Conductivity of Subs t r a t e  1 x 10-3 t o  1 x 10 watt/cmo K 
The l a r g e s t  v a r i a t i o n  of t h e  parameters i s  observed i n  
t h e  conduct ivi ty  of t h e  s u b s t r a t e .  The energy removed from 
t h e  Nb3Sn subs t r a t e  i n t e r f a c e  through t h e  s u b s t r a t e  i s  given 
by : 
Qremoved = kS & 
AL 
Where: Q - energy removed through s u b s t r a t e  p e r  u n i t  a r ea  
per  u n i t  t i m e  
k - thermal conduct iv i ty  
S - sur face  a rea  
&/A L - temperature g r a d i e n t  
2 8  
This is ,  however somewhat misleading s i n c e  any energy generated 
wi th in  t h e  Nb3Sn must be removed through t h e  Nb3Sn l a y e r  t o  reach 
t h e  subs t r a t e .  The conduct ivi ty  of the Nb3Sn a t  4OK i s  r e l a t i v e -  
s i p a t i n g  b a r r i e r .  It  is ,  the re fo re ,  very d i f f i c u l t  t o  access t h e  
r e l a t i v e  importance of t h e  s u b s t r a t e  and t h e  o t h e r  above discussed 
parameters i n  terms of primary versus  secondary f a c t o r s .  
I l y  poor and consequently it i s  the  Nb Sn t h a t  i s  t h e  thermal d i s -  3 
The t h e o r e t i c a l  cons idera t ions  discussed above a r e  i n  genera l  
agreement with t h e  observed experimental r e s u l t s .  
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IV. DEPOSITION OF Nb,Sn ON TWO-INCH WIDE RIBBON 
I 
A. INTRODUCTION 
It had been generally supposed that the shielding of high mag- 
netic fields in large volumes requires either thick Nb3Sn deposits 
or multilayered structures consisting of alternate thin layers of 
Nb3Sn and a normal conductor. Based on the experimental evidence 
and theoretical considerations presented in Section 111, 
yet evident that shielding high magnetic fields by thick deposits 
or multilayered structures free from flux jumps in large diameter 
cylinders will be feasible. 
An improved approach for shielding high magnetic fields free 
from flux jumps consists of stacking discs with concentric rings 
of silver-plated niobium-stannidelO. A schematic representation 
is shown in Figure 14. This construction permits a separation of 
Nb3Sn rings and based on cross sectional area, limits the induced 
total shielding current per ring. 
ring reverts to the normal state, the remaining rings of the stack 
on the same or adjacent discs are not effected since the rings are 
it is not 
In the event that a superconductive 
SEPARATION BETWEEN 
/Nb3Sn RINGS 
FIG. 14 STACKED DISC, CONCENTRIC Nb3Sn RING, 
MAGNETIC SHIELD 
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: -  
insulated from each other. 
of an extremely stable shielding device. 
approach was demonstrated by J. J. Hanak4 using a 0.2-inch bore 
magnet stack. 
This principle permits the construction 
The feasibility of this 
Scaling factors for large volumes were evaluated by assembling 
a $-inch inside diameter and 1-7/8-inch outside diameter shielding 
device. 
centration, energy storage devices and flux pumps. The discs are 
punched from a 2-inch wide ribbon coated with Nb Sn. 
of the deposition apparatus for coating the 2-inJh wide ribbon, pro- 
cessing of the discs, and electromagnetic characteristics are pre- 
sented in the following sections. 
This approach should be equally well adaptable to flux con- 
A description 
B. PROCESS 
1 .  Deposition of Nb,Sn on 2-Inch Wide Ribbon 
In principle, the vapor-deposition process for depositing 
Nb3Sn on a continuously moving 2-inch wide ribbon 0.0005-inch thick 
is the same as that employed for deposition on cylinders and flats. 
The mixed chlorides of niobium and tin are volatilized and trans- 
ported to a deposition zone where they are reduced by hydrogen to 
form a continuous deposit of interlocking Nb3Sn crystals. An ex- 
ploded view of quartz apparatus for depositing N b  Sn continuously 
on 2-inch wide ribbon is shown in Figure 15. 3 
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FIG. 15 Nb3Sn WIDE RIBBON DEPOSITION APPARATUS 
2. Operation of Apparatus 
Mixed powders 
d i c h l o r i d e  (SnC1,) 
of  niobium-pentachloride (NbC15)  and t i n -  
are metered i n t o  t h e  system by t h e  v i b r a t o r y  
a c t i o n  imposed 0; a feed hopper. The s o l i d  c h l o r i d e s  drop i n t o  a 
high temperature v o l a t i l i z a t i o n  chamber where they a r e  vaporized. 
The mixed NbC15 and SnC12 vapors then pass  through a narrow restric- 
t i o n  i n t o  t h e  depos i t ion  chamber. This r e s t r i c t i o n  between t h e  
v o l a t i l i z a t i o n  and depos i t ion  zones minimizes back flow of  vapors 
f r o m  t h e  deposit ion chamber. A p o s i t i v e  flow of helium introduced 
i n t o  vaporizat ion chamber prevents  back flow of c h l o r i d e  vapors 
i n t o  t h e  feed system and provides  a d d i t i o n a l  v e l o c i t y  t o  t h e  metal  
ch lo r ides  enter ing t h e  depos i t ion  zone. 
c 
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In order to maximize turbulence, a strong flow of H2 is intro- 
duced horizontally into the deposition chamber. The hydrogen flow 
is at righ,t angles to both the ribbon travel and the downward flow 
of the helium, metal-chloride-vapor mixture. Unreacted gases and 
reaction products are exhausted at the bottom of the apparatus. 
The actual metal chloride utilization in the deposition process 
is approfimately 20%. 
a high concentration of unreacted chlorides continuously surrounds 
the moving ribbon andsthe hydrogen reduction is not diffusion limited. 
The chloride utilization is kept low so that 
The moving ribbon enters and leaves the apparatus through a 
multiple-point electrode contact Figures 16 and 16A. 
area between the carbon electrodes and deposition zone prevents the 
deposition of metal chlorides on the electrodes. The ribbon is re- 
sistance heated above the furnace wall temperature. The vapor lock 
consists of an insert assembly having two slotted discs through 
which the ribbon passes. Helium is injected into both outer insert 
assemblies. The helium flowing into the narrow restriction between 
the ribbon and the wall of the two slots in series contain the 
chlorides in the deposition zone. This is shown in Figure 15. 
A vapor-lock 
CONTACT 
A1 
H 
FIG. 16 ASSEMBLED, MULTIPLE POINT ELECTRODE 
CON TACT 
3 3  
CARBON FACE ALUMINUM 
\PLATE  USING BERYLLIUM-COPPER 
CONTACT 
FIG. 16A DISASSEMBLED, MULTIPLE POINT ELECTRODE 
CONTACT 
A typical set of operating conditions is listed below: 
(1) Temperature Volatilization Champer 64OoC 
Deposition Zone 73OoC 
Ribbon 9oooc 
(2) Gas Flows NbC15 
SnC12 
Hydrogen 
He 1 ium 
(3) Ribbon Speed 
0.28 mole/hour 
0.28 mole/hour 
3.5 mole/hour 
2.2 mole/hour 
. 
2 metershour 
Experimental runs were made to test the design of the wide 
ribbon apparatus and all of its components. 
of gas flow and temperature were established and sufficient rib- 
bon was processed to build a stack of concentric Nb3Sn disc. 
Operating conditions 
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The length of test runs varied from two to twelve meters. A com- 
pilation of these runs are listed in Table V. 
Depbsition 
Zone OC 
bCl-+SnCl- 
i z a t i o n  Current ,  
Zone .ws 
P r i n c i p l e  
VR 1 Diffusion p l a t e  ver. 
sepa ra t ing  v o l -  
a t a l i r a t i o n  and 
depos i t i on  zones 
Carbon p l a t e  e l e c -  
t rodes  
2 I' ver .  
111 
111 
4 (same as 1 )  
5 (.me as 1 )  ve r  . 
6 bame an 1 )  ve r  . 
7 Replacement of  d i f -  Ver .  111 
19 Same as 18 
20 Thbulat ion provided Ver.1 111 
I 111 
620 
640 
670 
620 
680 
710 
710 
690 
680 
690 
680 
660 
650 
650 
650 
f o r  5 pu l s ing  - 21 sa* as 20 ver. 111 
20 
25 
25 
25 
25 
30 
40  
25 
25 
25 
25 
25 
25 
30 
30 
ced'Rate ' 
L 
i ng  elements i n t o  2 
zone con t ro l  
9  (sane as 8) 
10 Ribbon pos i t i oned  tlor. 
11 Water cooled mer- b r .  
hor i zon ta l ly  . 
cury e l ec t rode  
sane as 10  
12 same a8 10 mr. 
13 Same as 10 mr. 
14 (same as 7-9) p lus  Ver. 
Ribbon r epos i t i on -  
ed v e r t i c a l l y  
e l ec t rode ,  1 s t  
design same as 14 
15 k l t i p l e  con tac t  Ver. 
16  Same'as 14s Ver. 
1 7  Furnace r e b u i l t  t o  Ver. 
provide i n s u l a t i o n  
betveen depo i i t i on  
a v o l i t a l i z a t i o n  
zones.  Teaperature  
of each zone waa 
con t ro l l ed .  
improved mul t ip l e  
con tac t  po in t  
e l ec t rode  
18 same as 1 7  p lus  Ver. 
60 
60 t  
60 t  
75 
80 
75 
85 
90 
90 
120 
130 
160 
150 
130 
~- 
111 
111 
111 
111 
111 
1/1 
111 
111 
111 
111 
s Condit ions 
r c g e r a t u r e  I V o l i t a l -  I Ribbon 
1 . 3  
1 . 3  
1 . 3  
1 . 3  
1 . 3  
1 . 3  
75.6 75.8 
76.1 74.9 *3Sn 
76.3 75,1 5.2988 
77.0 75.8 
76.8 75.7 
76.8 75.7 m3Sn 
5.2318 
800 
600 
550 
R e s i s t i v e  
5 . 9 ~ 1 0 ~  
4 . 7 ~ 1 0 ~  30-25-2 
5'9x105 
650 
710 
650 
710 
720 
735 
710 
715 
I n t e r m i t t a n t  s t r e a k i n g  of 
depos i t .  Metal depos i t a  i n  
v o l i t a l i z a t i o n  zone. m e l e c -  
t r i c a l  a r c ing .  Uniform de-  
formation r ibbon cau8ing c o i l -  
ing.  
tighe! chlofideb:ead r t t e .  
t r e a  i n g  o r i  on re uced by 
710 
715 
730 
730 
7 30 
740 
~~ 
7 0 0  
600 
550 25 
:::"I C ~ c ; l p l y s i s  j x-Ray 
a t e r a l h r  t o  a ide  Bottom s i d e  Resul ts  
Current  
Density Observat ions 
1 . 8 ~ 1 0 ~  Deposit vms s t r eaked  and d i a -  
co lo red .  Navy  metal depos i t  
above d i f f u s e r  p l a t e  i nd ica t ed  
t h a t  s u b s t a n t i a l  c h l o r i d e s  
were a t r i p p e d  from gas atream 
before r each ing  depos i t i on  
Res i a t ivc  zone. 
Resistive 
Deposit s t r eaked  and diacolored 
A t  500 0 60WC h a v ~  condense- 
t i o n  of  ch lo r idhs  bccuzr*b LO 
v o l a t i l i z a t i o n  zone. 
S t r eak ing  reduced somewhat w i t h  
h igher  feed r a t e l .  Run8 1 
through 9 had seve re  e l e c t r i c a l  
a r c i n g  through r ibbon.  W i n k l e  
type deformst ion on r ibbon due 
t o  uneven d i s t r i b u t i o n  of 
pre8sure ina ide  the electrode.. 
1 . 8 ~ 1 0 ~  
:::$ 
I 1.5x10> 
S a  r ibbon deformation.  
5 . d  
75.3 
75.9 
5 . 2 3 d  1.7x105 creaaed gas turbulence wi th in  
de o r i t i o n  zone. 
In the first few experimental runs major emphasis was placed 
on the design and assembly of the deposition equipment. X-ray 
analysis of these runs indicate variations of the lattice constant 
and the presence of a second phase. In latter runs attainment of 
compositional stoichiometry was emphasized, and in these runs the 
deposits on the Nb Sn layer were a P-tungsten structure, single 
phase, with lattice constant of 5.290°A and 5.230°A. These values 
are somewhat different from the lattice constants of 5.290°A for 
Nb3Sn on flats and cylinders. These differences can be attributed 
to (1) stress of the Nb3Sn layer due to the differences of coeffi- 
cient of expansion between the very thin (0.5 x inch) substrate 
and Nb3Sn and (2) compositional variations which were not detected 
as a second phase. 
3 
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3. Design Factors 
a.  The f i r s t  apparatus  was constructed with a d i f f u s e r  p l a t e  
between t h e  v o l a t i l i z a t i o n  and deposi t ion chamber. The d i f f u s e r  
p l a t e  was c i r c u l a r  wi th  r a d i a l  .040-inch s l o t s  a t  approximately 
2 2 O  i n t e r v a l s .  Hydrogen w a s  introduced above t h e  d i f f u s e r  p l a t e  
where it mixed with t h e  metal ch lor ide  vapors. Heavy Nb3Sn de- 
p o s i t s  formed on t h e  d i f f u s e r  p l a t e  during t h e  ope ra t ion  of  t h e  
apparatus  r e s u l t i n g  i n  a c o n s t r i c t i o n  of t h e  s l o t s .  
The v o l a t i l i z a t i o n  and deposi t ion zones w e r e  subsequently 
phys ica l ly  separated i n t o  two zones con t ro l l ed  a t  d i f f e r e n t  t e m -  
pe ra tu re s .  Maintaining t h e  v o l a t i l i z a t i o n  zone a t  a lower t e m -  
p e r a t u r e  than t h e  depos i t ion  zone minimizes t h e  premature p a r t i a l  
reduct ion of ch lo r ides  t o  a non-volat i le  form be fo re  reaching t h e  
depos i t ion  zone. 
b. I t  w a s  found necessary t o  p o s i t i o n  t h e  moving ribbon i n  t h e  
v e r t i c a l  plane t o  minimize deformation of  t h e  Nb Sn-coated rib- 
bon. The o r i e n t a t i o n  of  t h e  ribbon with r e spec t  t o  t h e  r eac t ing  
gases  a ided i n  obta in ing  a uniform Nb3Sn depos i t  composition and 
th ickness  from side t o  s ide .  When t h e  alignment of t h e  ribbon 
was maintained ho r i zon ta l ,  a s l i g h t  sag was produced i n  t h e  rib- 
bon while  a t  t h e  high r eac t ion  temperature and t h i s  deformation 
became permanently set  a f t e r  t he  depos i t ion  of Nb Sn. The horizon- 
gas  mixing. The e f f e c t  of g rav i ty  on gases  having widely d i f f e r e n t  
d e n s i t i e s  made d i f f i c u l t  thorough and adequate mixing over t h e  d i s -  
t ance  be tween t h e i r  in t roduct ion  po in t  and t h e  depos i t ion  a rea .  The 
e f f e c t  of t h e  ho r i zon ta l  gas  flow i s  shown by t h e  observed d i f f e r -  
ence i n  chemical composition and t h e  depos i t  th ickness  between the  
two sides of t h e  ribbon. 
3 
t a l  pos i t i on ing  of  t h e  ribbon a l so  c rea t ed  a prob ? e m  with r e spec t  t o  
c. Mul t ip le  con tac t  e lec t rodes  - The m o s t  e f f e c t i v e  contac t  f o r  
v e r t i c a l l y  pos i t i on ing  t h e  ribbon was found t o  be a spring-loaded 
carbon brush e l ec t rode  containing mul t ip le  beryllium-copper con- 
t a c t  p o i n t s .  This con tac t  conducted 40 amperes t o  t h e  moving rib- 
bon wi thout  a rc ing  o r  ox ida t ion  (Figures 16  and 16A). 
d. A water-cooled mercury contact  designed f o r  t h e  h o r i z o n t a l l y  
pos i t i oned  ribbon was found s a t i s f a c t o r y .  
Figure 17 .  
This con tac t  i s  shown i n  
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R I B B O N  
RIBBON 
WATER COOLED 
FIG. 17 H O R I Z O N T A L  CONTACT 
e. Removable vapor lock inserts - The inserts provide a vapor 
lock confining the vapors in the deposition zone and isolating the 
reactants from the electrode area. The insert can be removed while 
the apparatus is hot in order to thread the ribbon through the ap- 
paratus without disassembly. The inserts are shown in Figure 15 as 
part of the entire apparatus. 
C. CONCENTRIC RING PATTERN PROCESSING 
Conventional photoresist and chemical techniques were employed 
to etch out N b  Sn concentric ring patterns from the 2-inch wide 3 
Nb 3Sn -coated Haste 1 loy ribbon . 
. 
Fourteen-inch lengths of niobium-stannide coated Hastelloy 
ribbon are cut from the continuous 2-inch wide ribbon to permit 
batch silver plating. A thin nickel flash coating is initially 
applied to the Nb3Sn to improve the adherence of the silver plat- 
ing. No attempts were made to determine the effect, if any, of 
the ferromagnetism associated with this nickel coatin . The sil- 
ver is plated at a current density of 33 amperes/foot’ in a stand- 
ard silver-cyanide plating bath to a coating thickness of 0.2  to 0.3 
mils. This plated silver coating adheres well to the niobium- 
stannide and is adequate for protecting the Nb3Sn during subsequent 
chemical etching steps. 
The pho to res i s t  p a t t e r n  i s  appl ied by s tandard recommended 
procedures of t h e  Kodak Company a s  follows: 
1. 
2. 
3 .  
4. 
5. 
6. 
Dip t h e  s i l ve r -p l a t ed  s t r i p  i n  Kodak Metal Etch R e s i s t  
( M R )  
Prebake t h e  coated s t r i p  a t  5OoC f o r  t e n  minutes. 
I n s e r t  t h e  2-inch tape  i n  t h e  exposure f i x t u r e  (Figure 18). 
Expose t h e  r i n g  p a t t e r n  on  both s i d e s  on t h e  t ape  using 
a poin t  source mercury l i g h t .  
Dissolve the  unexposed KMER i n  h o t  water.  
Postbake t h e  s t r i p  a t  13OoC f o r  20 minutes t o  harden t h e  
exposed KMER. 
2"WlGE NbSCn RIBBON 1
\ "0" RING \ 
. 
0 0 
TC VACUUM Pl lMP 
FIG. 18 2" RIBBON EXPOSURE FRAME 
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The now unprotected s i l v e r  a r eas  a r e  d isso lved  o u t  i n  a room 
temperature f e r r i c  n i t r a t e  so lu t ion .  The exposed niobium-stannide 
i s  then removed by chemically etching i n  a h o t  (90 t o  100°C) caus- 
t i c  KOH so lu t ion .  The masked region i s  no t  a t tacked  s i n c e  both t h e  
KMER and s i l v e r  a r e  both chemically r e s i s t a n t  t o  t h e  KOH e t c h  solu- 
t i o n .  The f in i shed  d i s c s  a r e  then e i t h e r  stamped i n  a compound 
punch o r  chemically etched o u t  from the 2-inch wide ribbon. In  
chemical e tch ing ,  t h e  center r ings of t h e  ba re  Has te l loy  a r e  masked, 
leaving only a d i s c .  A cross-sect ion of t h e  d i s c  i s  shown i n  
Figure 19 .  Figure 20 demonstrates t h e  progression of  s t e p s  f o r  
processing t h e  concent r ic  r i n g  p a t t e r n .  
The d i s c  y i e l d  from t h e  f i r s t  few 14-inch long, 2-inch wide 
s t r i p s  was only 50 percent .  However, a f t e r  a l l e v i a t i n g  most minor 
photoengraving and chemical processing d i f f i c u l t i e s ,  t h e  ove r -a l l  
y i e l d  was increased t o  over  95 percent .  The photoengraving and 
chemical e tch ing  techniques developed f o r  t h e  d i s c s  a r e  a l s o  appl i -  
cab le  t o  o t h e r  i n t r i c a t e  device f a b r i c a t i o n  requirements. Some of 
t h e s e  devices  w i l l  be discussed i n  Sect ion V I .  
S EPA R ATlON BETWEEN 
hlb3Sn RINGS 
F R  PI A T l h l C  
0 
Nb3Sn LAYER 
HASTEL BS 
FIG.19 CROSS SECTION OF A PORTION O F A  
DISC 
3 9  
(2) Nb=Sn DEPOSITED ON ( I  ) HASTELLOY SUBSTRATE . .  
HASJTELLOY SUBSTRATE 
0 
T 
Nb3Sn 
--I- ---- 
(3) SILVER PLATED Nb3Sn 
RIBBON (4) PHOTO RESIST PATTERN DNELOPED 
PHOTO RESIST 
ILVER 
(5) SILVER REMOVED FROM (6) Nb3Sn REMOVED FROM 
UNPROTECTED REGIONS UNPROTECTED REGIONS 
(7) PATTERN STAMPED OR 
ETCHED FROM RIBBON 
FIG.20 PROCESSING OF CONCENTRIC RING PATTERN 
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D. SHIELDING BEHAVIOR OF ARBITRARILY SHAPED CYLINDERS 
The sh ie ld ing  c h a r a c t e r i s t i c s  of  an a r b i t r a r i l y  shaped c y l i n d e r  
can be cha rac t e r i zed  i n  terms of a and Bo o f  t h e  Nb3Sn ribbon. 
arranging equation 111-B-5 gives: 
Re-  
where M, t h e  magnetization, i s  the d i f f e r e n c e  between t h e  i n t e r n a l l y  
measured sh ie lded  f i e l d  and t h e  e x t e r n a l l y  appl ied  f i e l d .  The-H/I  
of cy l inde r  can be 
Incorporat ing t h i s  
M = H '  - 
I f  t o  a zero o rde r  
ca l cu la t ed  according t o  accepted techniques". 
i n t o  t h e  above expression g ives :  
approximation t h e  same average c u r r e n t  p e r  r i n g  
f o r  the e n t i r e  cy l inde r  (disc s tack)  i s  assumed, expression ( 1 7 )  
becomes : 
H H 
I I 
k w j = - * I = -  . j A  
(18) 
o r :  
w h e r e  A i s  the average conductor c r o s s  s e c t i o n  a rea  equal t o  t h e  
th ickness  of the disc  mul t ip l ied  by the average w i d t h  p e r  r ing .  
S u b s t i t u t i n g  equation ( 1 7 )  i n to  (18) and w r i t i n g  g f o r  H, and 
a I f o r  j gives:  
Bo + H 
a = g w t  = M (19) 
Bo + H 
k w j = -  H w t  a 
I Bo + H 
o r :  
o r :  
a g  w t = M (Bo + H) ( 2 0 )  
1 Thus, an experimental p l o t  o f -  vs .  H allows u s  t o  eva lua te  
the average values  f o r  t h e  consrant a and Bo f o r  the e n t i r e  cy l -  
inder .  
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E. EXPERIMENTAL RESULTS 
A 2-1/8-inch i n s i d e  diameter by 4.5-inch o u t s i d e  diameter by 
2% inches long, 30-kilogauss magnet w a s  assembled t o  provide a 
background magnetic f i e l d  for  determining t h e  s h i e l d i n g  charac te r -  
i s t ics  of  var ious disc s t ack  a r rays .  The t e s t  magnet and disc 
a r r a y  mounted on t h e  t e s t i n g  holder  a r e  shown i n  Figures  2 1  and 21A. 
ASSEMBLY OF DfSC D I S C  HOLDER 
I 
- 
DISCS 
F I G . 2 1  DISCS AND A S S E M B L E D  CONCENTRIC R I N G  STACK 
Current f o r  t h e  background magnet i s  c o n t r o l l e d  by a r a t e  
c o n t r o l  assembly c o n s i s t i n g  of a v a r i a b l e  speed d i r e c t  c u r r e n t  
motor dr iv ing  a 25-turn h e l i p o t .  This  permi ts  the v a r i a t i o n  of 
t h e  magnetic f i e l d  from 0-30 k i logauss  a t  r a t e s  varying from 3 
gauss/second t o  500 gauss/second. 
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2 f  I.D. - 30 kG- RCA RIBBON BACKGROUND MAGNET 
1 DISC HOLDER 
ASSEMBLY OF DISCS 
F IG.21A 30 kG BACKGROUND MAGNET A N D  
CONCENTRIC RING STACK 
The trapped and shielded fields obtained with various stack 
configurations are summarized in Table VI. A determination of 
and Bo was made only for the array of Test 6 and 7. 
cases B was minus 60 kilogauss and a was 7.8 x lo9 gauss-amp./ 
cm . 
of discs processed from many different runs. The material from 
each run was processed somewhat differently and electromagnetic 
performance differed from run to run. In each of these tests it 
was observed that no flux jumps were present and that the trapped 
field in the niobium-stannide rings remained constant with no 
observed decay. 
In these 
&is latter value is an average value since the stack consisted 
6 
43 
a, u c 
0 
W 
.AI 
H rn u rn 3 w -4 
a 
a, 
x 
U 
td 
.lJ 
m 
I4 n 
3 
w 
0 
k 
0 
2 
a, 
-rl 
Erc 
w 
0 
a, 
JJ 
id 
p: 
rl I 4 \ rn rn ~. 7 m tn 2 rn 5 id br 3 rn 3 m tn rn 3 td br 2 ; m F 2 rn 3 Id br O d d O O d O  F c o c o c o I n c o V I  
rl 
0 
In 
0 
d 
0 
N 
rl 
0 
0 
In 
d 
0 
In 
rl 
. m 
co 
rl 
0 
b 
0 
d 
a) 
0 
rl 
0 
a) 
0 
d 
0 
N 
rl 
VI 
0 
0 
rl 
7 
k s 
rl 
- 
VI 
co 
rl 
0 
N 
N 
I 
rl 
N 
I 
0 
N 
- 
rl 
N 
m 
0 
N 
N 
3 
k 
5 
rl 
- 
0 
b 
d 
0 
N 
N 
5 
rl 
- 
0 
b 
m 
0 
r-l 
m 
N 
m 
N 
7 
k 
5 
rl 
m 
N 
7 
k s 
rl 
d 
Lo 
N 
0 
k 
td 
rl 
i2 I 
k 
Q) 
a, 
a, 
0 
U 
I 
k 
td 
rl 
2 
s 
-4 
? 
a 
a, 
a, 
rl 
k 
a, 
c, 
F: 
H 
* 
2 
LI . I  
44 
c 
0 
0 
. 
0- 
1 I I 
14 25.5 32.5 4.5 
APPLIED FIELD - KILOGAUSS 
I n  tes ts  4 and 7 ,  d i s c s  of sandwiched mylar (0.25 mil)-copper 
d i s c s  t o  determine i f  the c r i t i c a l  c u r r e n t  could be enhanced. The 
length  of t h e  stacked a r r a y  w i t h  t h e  mylar-copper-mylar d i s c s  was 
doubled and t h e  corresponding trapped f i e l d  decreased from 10.8 t o  
8.0 and from 1 2  t o  9.5 ki logauss  r e spec t ive ly .  N o  enhancement of  
c r i t i c a l  c u r r e n t  was evidenced with t h e  mylar-copper-mylar d i s c s  
ind ica t ing  t h a t  t h e  inherent  maximum c u r r e n t  capac i ty  of t h e  niobium- 
s tannide  had a l ready  been a t t a i n e d  without  t h e  mylar-copper-mylar 
d i s c s .  In  these  two tes ts  t h e  trapped f i e l d  i n i t i a l l y  decayed one 
and two k i logauss  respec t ive ly .  This decay was caused by t h e  decay 
of t h e  induced c u r r e n t s  i n  the mylar-copper-mylar i n t e r l e a v i n g  d i s c s .  
Thereaf te r  t h e  trapped f i e l d  remained cons tan t .  
. (0 .7  m i l ) -  mylar (0.25 m i l )  were a l t e r n a t e d  w i t h  t h e  niobium-stannide 
A c r i t i c a l  s t a t e  curve o f  T e s t  7 (See Table V I )  f o r  d i s c s  i s  
shown i n  Figure 21B. 
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Based on t h e  observed r e s u l t s  with these  s t a c k s ,  it appears 
t h a t  high magnetic f i e l d s  i n  l a r g e  diameter can be sh ie lded  free from 
f l u x  jumps. This cons t ruc t ion  approach a l s o  p r e s e n t s  p o s s i b i l i t i e s  ’ 
i n  t h e  cons t ruc t ion  of  f l u x  pumps, energy s to rage ,  and o t h e r  super- 
conductive devices.  These w i l l  be discussed i n  Sect ion V I .  
. 
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V. ELECTRON IRRADIATION OF NbjSn SAMPLES 
A. INTRODUCTION 
To determine the effects of electron irradiation on the cur- 
rent density of niobium-stannide, four current density specimens 
and one critical temperature measurement specimen were prepared. 
The critical current and field characteristics of each sample 
before electron radiation was determined. Normalcy was considered 
as the onset of resistance at the 10-microvolt level. 
The samples were then subjected to electrons of 1 MEV energy 
in integrated flux densities ranging from to 1018 electrons/ 
cm2. By way of comparison, in the heart of the outer zone of the 
Van Allen Belt, 3 to 4 x l o 6 ,  1 MEV, electrons per cm2 seconds 
equivalent to a cumulative density of only 1 x 1014 electrons per 
cm2-year are encountered12. At this electron density level it 
would require 10,000 years to achieve the results obtained with 
these samples. The dimensions of the current density samples are 
shown in Figure 22. 
3/32 
t- 
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FIG. 22 ELECTRON BOMBARDMENT SPECIMEN 
The niobium-stannide was deposited on a Hastelloy substrate to per- 
mit removal of heat generated by electron bombardment. 
4 7  
The samples were mounted on a copper block and irradiated under 
A thermocouple mounted on the 
At no 
vacuum. A nitrogen cold finger removed from the block heat generated 
by the high electron current density. 
copper block monitored sample temperature during irradiation. 
time during the irradiation was the temperature of the samples per- 
mitted to exceed 300°K. 
9. EXPERIMENTAL RESULTS 
Specimen 26-2A-#1 was used as a non-irradiated control and 
measurement of its critical current and field characteristics before 
and after handling did not reveal any significant difference. These 
results are shown in Figure 23. 
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Specimen 26-2B #2 was initially irradiated to a total of 
1 x 1017, 1 MEV, electrons/cm2. This irradiation level did not 
significantly alter the critical current performance level. Upon 
irradiating this same sample with an additional lo1* electrons/ 
cm*, the current level was lowered by approximately 47 percent. 
These results are shown in Figure 24. 
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18 Another specimen, 26-2B #1, was i n i t i a l l y  i r r a d i a t e d  wi th  10 
MEV, electrons/cm2 which lowered t h e  c r i t i c a l  c u r r e n t  l e v e l  47 
cent .  Upon again i r r a d i a t i n g  t h i s  sample wi th  an a d d i t i o n a l  10  , 
1 MEV, electrons/cm , t h e  c u r r e n t  l e v e l  was f u r t h e r  lowered 57 per- 
cen t  r e s u l t i n g  i n  a t o t a l  decrease i n  c u r r e n t  of 7 3  percent  from 
t h e  o r i g i n a l  un t rea ted  condi t ion.  The c r i t i c a l  c u r r e n t  and inverse  
c r i t i c a l  cur ren t  a s  a funct ion of t r ansve r se  magnetic f i e l d  a r e  
p l o t t e d  i n  Figure 2 5 .  
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Sample 26-B #3 was a l s o  i r r a d i a t e d  with 1 x 1 MEV, elec- 
tron/cm2 : however, while mounting f o r  e l e c t r i c a l  t e s t i n g  t h e  sample 
was damaged. 
The c r i t i c a l  temperature before  i r r a d i a t i o n  was 16.8O K with a 
2O K t r a n s i t i o n  width. Af te r  bombardment wi th  1 MEV, e l e c t r o n s  
no d i f f e r e n c e  i n  c r i t i c a l  temperature was de t ec t ed .  These r e s u l t s  
a r e  shown i n  Figure 26. 
12 14 16 18 19 
TEMPERATURE O K  
FIG.26 EFFECT ON CRITICAL TEMPERATURE OF 
IO'* E L E C T R O N I ~ ~ '  IRRADIATION 
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I C. DISCUSSION OF RESULTS 
~ 
A l l  r e s u l t s  descr ibed above a r e  summarized i n  Table V I I .  
TABLE VI1 
Effect of Electron Irradi8tion on the Current Density of Nb3& 
Pre-Radiated Electron Irradiation C\nrmlstive Electron New A Change of CunniLative Change - 
from In i t ia l  A -Sample A, amp-gauss Density, Electron/cc Density, Electron/cc Amp/Cguee A 
26-23#2 0.595 x lo6 id.7 1017 0.595 x lo6 none None 
26-213#2 0.595 x 10 6 lOl8 1018 0.317 x lo6 4796 dec. 4796 dec. 
26-2B#1 1.85 x lo6 lols lOl8 0.97 x lo6 4% dec. 47'$ dec. 
0.97 x lo6 1018 2 x 1018 0.42 x lo6 5% dec. 73% dec. 
76 - 2B#3 Destroyed i n  Testing --_- 
:6-*1 * 0.792 x lo6 0 0 0.792 x lo6 0 0 
* Control Sample - mounted and handled In exactly the same manner a8 26-2~#1 
and 26-w~ except not subjected t o  irradiation. 
The mechanism responsible  f o r  t h e  decrease i n  c u r r e n t  ca r ry ing  
capac i ty  has  n o t  y e t  been determined. These r e s u l t s  a r e  q u i t e  d i f -  
f e r e n t  from the neutron i r r a d i a t i o n  r e s u l t s  where a c u r r e n t  i nc rease  
i s  usua l ly  observed.6 Crys ta l  damage r e s u l t i n g  from e l e c t r o n  r ad i -  
a t i o n  i s ,  however, s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  of t h e  neutron 
i r r a d i a t i o n  i n  t h a t  t h e  former genera tes  p inpo in t  d e f e c t s  and t h e  
l a t t e r  generates  l i n e  de fec t s .  In  o r d e r  t o  o b t a i n  f u r t h e r  i n s i g h t  
i n t o  t h e  e l ec t ron  damage d e f e c t s ,  the L e w i s  Research Center i s  per-  
forming e l ec t ron  micrograph c r o s s  s e c t i o n s  of  r a d i a t i o n  samples be- 
f o r e  and a f t e r  r a d i a t i o n  t o  determine if s t r u c t u r a l  d i f f e r e n c e s  can 
be de tec ted .  This l a t t e r  work was i n i t i a t e d  a f t e r  t h e  conclusion of  
t h i s  con t r ac t .  
VI. APPllCATiONS 
The techniques developed for  depos i t ing  niobium-stannide on 
two-inch wide ribbon and photoengraving i n t r i c a t e  p a t t e r n s  on t h e  
ribbon a r e  equal ly  w e l l  adaptable t o  a v a r i e t y  of  devices .  I n  
add i t ion ,  t h e  f l u x  jumping problems usua l ly  a s soc ia t ed  with t h e s e  
devices  a r e  minimized by maintaining t h i n  N b  Sn d e p o s i t s  on t h e  
ribbon and sepa ra t ing  t h e  N b  Sn f i lms  by consen t r i c  i n s u l a t o r  
p a t t e r n s .  The following devices w i l l  be discussed i n  t h i s  s ec t ion :  3 
A. Magnetic f i e l d  sh ie ld ing  
B. Magnetic f i e l d  shaping 
C.  Permanent magnets 
D. Energy s to rage  
E. Magnetic f i e l d  concentrators  
F. Flux t r a n s f e r  pumps 
A. MAGNETIC FIELD SHIELDING 
Small magnetic f i e l d s  ( 0 - 2  k i logauss)  can r e a d i l y  be sh ie lded  
Thicker niobium-stannide de- by 0.5 t o  2 .0  m i l  t h i c k  Nb3Sn layer .  
p o s i t  e x h i b i t s  s i g n i f i c a n t  sh ie ld ing  i n s t a b i l i t i e s .  The experimen- 
t a l  and t h e o r e t i c a l  cons idera t ions  involved i n  t h i s  type of magnetic 
sh i e ld ing  w e r e  discussed i n  Section 111. 
I n  copper magnets small f i e l d  f l u c t u a t i o n s  a r e  f requent ly  en- 
countered r e s u l t i n g  from magnet c u r r e n t  f l u c t u a t i o n s .  These f i e l d  
f l u c t u a t i o n s  can r e a d i l y  be shielded by these  t h i n  Nb3Sn coa t ing .  
To s h i e l d  l a r g e  magnetic f i e l d s  e i t h e r  f o r  space app l i ca t ion  
o r  instruments i n  t h e  v i c i n i t y  of h igh - f i e ld  magnets, t h e  concent r ic  
Nb3Sn ring-stacked disc approach discussed i n  Sect ion I V  i s  poten- 
t i a l l y  a t t r a c t i v e .  With t h i s  type of sh i e ld ing  assembly, f l u x  jumps 
w e r e  n o t  encountered even a t  very r ap id  r a t e s  of f i e l d  change. The 
concent r ic  r i n g  approach has  been used f o r  sh i e ld ing  c y l i n d r i c a l  
volumes and should be s i m i l a r l y  s u i t a b l e  f o r  s h i e l d i n g  r ec t angu la r  
o r  o t h e r  i r r e g u l a r  volumes. With t h e  2-inch wide Nb3Sn-coated rib- 
bon, it was p o s s i b l e  t o  magnetically s h i e l d  r ec t angu la r  a r eas  such 
a s  0.5 t o  1.0 inch wide and any des i r ed  lengths .  Larger magnet- 
i c a l l y  sh ie lded  a reas  a r e  bel ieved p r a c t i c a l  b u t  w i l l  r equ i r e  a 
somewhat wider Nb3Sn-coated ribbon. Using t h e  above techniques,  it 
should be poss ib l e  t o  s h i e l d  la rge  magnetic f i e l d s ,  f r e e  from f l u x  
jumps and i n  a v a r i e t y  of shapes and volumes. 
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B. MAGNETIC FIELD SHAPING 
The Nb3Sn superconductive r i n g s  l ikewise should provide a ver- 
s a t i l e  manner of shaping des i r ed  magnetic f i e l d s .  Stacking d i s c s  
wi th  d i f f e r e n t  numbers of  concent r ic  r i n g s  w i l l  s e l e c t i v e l y  s h i e l d  
po r t ions  o f  a background f i e l d .  The accuracy of  t h e  shaped f i e l d  
can be re f ined  t o  t h e  des i r ed  degree by proper arrangement and ad- 
justment of  s e l ec t ed  d i sc s .  
C. PERMANENT MAGNETS 
Maintained a t  4.2” K ,  t h e  trapped magnetic f i e l d  i n  a s u i t a b l e  
s t ack  of  d i sc s  with concent r ic  Nb3Sn r i n g s  can be employed a s  a s t a -  
b le  permanent magnet. 
superconductive with no normal con tac t s ,  magnetic f i e l d  decay i s  n o t  
expected. Over s h o r t  time per iods  t rapped f i e l d  decay i n  concent r ic  
Nb3Sn r i n g  s tacks  was no t  de tec ted .  
Inasmuch a s  t h e  concent r ic  r i n g s  a r e  completely 
D. ENERGY STORAGE 
The magnetic energy s to red  i n  a superconductive magnet can be 
used a s  an energy source. The t i m e  cons tan t  f o r  t h e  removal of  t h i s  
energy depends l a r g e l y  on t h e  a u x i l i a r y  e l e c t r i c a l  c i r c u i t r y .  The 
economics f o r  u t i l i z i n g  magnetic energy depends p r imar i ly  on c o s t ,  
weight, and speed of energy removal. Only cost and weight f a c t o r s  
w i l l  be discussed here .  It i s  be l ieved  t h a t  work i s  be ing  c a r r i e d  
ou t  elsewhere on developing techniques f o r  p r a c t i c a l  energy removal 
and u t i l i z a t i o n .  
I n  o rde r  t o  compare var ious  energy s to rage  methods, commercial 
n i cke l  cadmium b a t t e r i e s ,  capac i to r  banks, and superconductive mag- 
n e t s  w e r e  com ared. For t h e  b a t t e r i e s  and capac i to r s  s tandard 
c o s t s  13,14,15,16, l7 a s  a v a i l a b l e  from c u r r e n t  l i t e r a t u r e  w e r e  as-  
sumed. As fo r  t h e  superconductive magnets Brook c o i l s  w e r e  con- 
s idered  (maximum inductance f o r  given length  of r ibbon) .  For t h e s e  
c o i l s ,  t h e  inductance i s  propor t iona l  t o  t h e  1.6 power of  t h e  length  
of ribbon. A p ro jec ted  c o s t  $2.50 p e r  m e t e r  of  ribbon and aux i l -  
i a r y  hardware w a s  assumed. The o v e r - a l l  r e s u l t s  a r e  n o t  s i g n i f i c a n t -  
l y  a l t e r e d  even i f  t h e  p r i c e  f o r  t h e  ribbon i s  lower by a s  much a s  * 
50%. The r e s u l t s  of  t h i s  c o s t  a n a l y s i s  are shown i n  Figure 27 .  I t  
i s  evident  t h a t  superconductive magnets do n o t  become economically 
advantageous i n  small o r  moderate s i z e s .  Only very l a r g e  supercon- 
duc t ive  c o i l s ,  wi th pro jec ted  c o s t s  of one m i l l i o n  d o l l a r s ,  a r e  
economically favorable over  b a t t e r i e s .  
. 
Comparison of energy s to rage  capac i ty  p e r  u n i t  weight (pound) 
f o r  b a t t e r i e s  and superconductive magnets i s  shown i n  Figure 2 8 .  
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For lead acid and nickel cadmium, a capacity of 16 and 10 watt- 
hours per pound respectively, was assumed, and for a 1,000 meters 
of ribbon plus hardware a weight of six pounds was assumed. From 
these considerations, it appears that superconductive magnets are 
lighter per joule only for energy requirements exceeding 5 x l o 4  
joules. 
The above discussion was based solely on cost and weight con- 
siderations. However, other considerations such as speed of energy 
release (time constant), efficiency of energy release, and volume 
of the entire system should also be carefully considered. 
E. MAGNETIC FIELD CONCENTRATORS, 
18 
The techniques developed for depositing Nb3Sn on 2-inch wide 
ribbon and chemically etching should be applicable for field con- 
centrating devices. Such a device consists of a stack of solenoidial 
discs. One of these discs is shown in Figure 29. 
FIG. 29 SOLENOID DISC 
5 7  
The s o l e n o i d i a l  r i n g  i s  cont inuous f r o m  s i d e  t o  s i d e  w i t h  no 
normal con tac t s .  When p laced  i n  a background f i e l d ,  p e r s i s t e n t  . 
c u r r e n t s  a r e  induced i n  the o u t e r  r i n g .  
cont inuous,  t h i s  c u r r e n t  f lows from t h e  o u t s i d e  t o  the i n n e r  p o r t i o n  
o f  t h e  d i s c .  Due t o  t h e  geometr ica l  c o n f i g u r a t i o n  of t h e  so l eno id ,  
the c u r r e n t  i n  the c e n t e r  c o n t r i b u t e s  more t o  the f i e l d  than  the 
c u r r e n t  on the o u t s i d e .  Consequently, as the background f i e l d  i s  
i n i t i a l l y  increased ,  t h e  induced c u r r e n t  w i l l  g e n e r a t e  a t o t a l  f i e l d  
i n  the c e n t e r  o p p o s i t e  t o  t h e  a p p l i e d  f i e l d  as shown i n  F igu re  30 
Since  these r i n g s  are 
from 0 t o  1. 
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FIG. 30 CRITICAL STATE CURVE OF 
STACK OF SOLENOID DISCS 
Afte r  the c r i t i c a l  state curve i s  reached, the sh ie lded  f i e l d  
w i l l  decrease a t  h igher  f i e l d s  as  shown from 1 t o  2. Upon decreas-  
ing t h e  background f i e l d ,  t h e  magnitude of t h e  induced c u r r e n t  i s  
i n i t i a l l y  decreased, then reversed a s  shown from 2 t o  3 .  A t  p o i n t  
" 3 " ,  t h e  f i e l d  a t  the center i s  h igher  than the maximum background 
magnetic f i e l d .  The degree t o  which t h e  f i e l d  can be concentrated 
i s  dependent upon t h e  s t ack  conf igura t ion .  
decreased, t h e  trapped f i e l d  decreases from p o i n t  " 3 "  t o  "4 " .  
A s  t h e  f i e l d  i f  f u r t h e r  
F. FLUX TRANSFER AND PUMPING 
The Nb3Sn depos i t ion  and photoetching i s  considered app l i cab le  
a l s o  f o r  f l u x  t r a n s f e r  from a small volume t o  a l a r g e r  volume, and 
pumping a low i n t e n s i t y  magnetic f i e l d  t o  ob ta in  a h ighe r  magnetic 
f i e l d .  By using t h e  ind iv idua l  r i n g  s t r u c t u r e ,  t h e  f l u x  jumping 
problem can e i t h e r  be minimized o r  even completely a l l e v i a t e d .  
s i d e r  t h e  ind iv idua l  shee t  a s  shown i n  Figure 3 1  and assembled a s  
shown i n  Figure 32. "S1" and I'S2" a r e  switches assembled such t h a t  
a h e a t e r  w i r e  loops each shee t  as  ind ica ted .  
Con- 
SUBSTRATE \ f Nb3Sn 
FIG. 31 FLUX TRANSFER MECHANISM 
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FIG.32 STACK O F  FLUX TRANSFER SHEETS 
The f l u x  t r a n s f e r r i n g  o p e r a t i n g  i s  a s  fo l lows:  
I n  i t i a 1 1 y 'I S 1 'I i s  on and t h e  superconductor  i s  normal. 
o f f  and t h e  Nb3Sn i s  superconduct ive.  
" S 2 "  i s  
The maximum magnetic f i e l d  (Hm) produced by t h e  background mag- 
n e t  i s  appl ied .  
s 1 It  i s  now turned  o f f  and t h e  Nb3Sn i s  made superconduct ive.  
The appl ied  f i e l d  i s  decreased inducing c u r r e n t  i n  t h e  s m a l l  
loops.  
s 2 i s  then turned  on and t h e  Nb3Sn bounded by " S 2 "  i s  normal. 
This  r e s u l t  i n  t h e  sha r ing  o f  t h e  magnetic f i e l d  between a r e a  1 
and a r e a  2 .  T h e  f i e l d  i n  a r e a  2 i s  then  g iven  by: 
" S 2 "  
superconductive.  "Sl" i s  turned  on swi t ch ing  the Nb3Sn bounded 
by "S1" i n t o  t h e  normal s t a t e .  
i s  now turned o f f  and the Nb3Sn bounded by " S 2 "  becomes 
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6. The background f i e l d  i s  then again increased and s t e p s  1 
t o  5 repeated. The new f i e l d  H2' i n  A2 is  now given by: 
7.  Again repea t ing  s t eps  1 t o  5 g ives  a f i e l d  of 
I t  i s  r e a d i l y  seen  t h a t  H 2 " >  H 2 ' >  H2 consequently,  t h e  magnetic 
f i e l d  i n  a rea  2 i s  gradual ly  pumped t o  t h a t  of a r ea  1. By in-  
s e r t i n g  a superconductor plunger such a s  niobium shown i n  Fig- 
u r e  32  provided t h e  c r i t i c a l  f i e l d  of niobium i s  n o t  exceeded, 
t h e  magnetic f i e l d  i s  squeezed and a new maximum magnetic f i e l d  
is  developed which i s  given by: 
wi th  t h i s  new Hm', t h e  f l u x  t r a n s f e r r i n g  ac t ion  ind ica ted  by 
s t e p s  1 t o  5 can again be repeated, and a f i e l d  approaching 
Hm' w i l l  eventua l ly  be t r ans fe r r ed  t o  A 2 .  
6 1  
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